Ferrocene-1 , 1 ′ -dithiol as molecular wire between Ag electrodes: The role of surface defects J. Chem. Phys. 128, 064704 (2008) The transition voltage of vacuum-spaced and molecular junctions constructed with Ag and Pt electrodes is investigated by non-equilibrium Green's function formalism combined with density functional theory. Our calculations show that, similarly to the case of Au-vacuum-Au previously studied, the transition voltages of Ag and Pt metal-vacuum-metal junctions with atomic protrusions on the electrode surface are determined by the local density of states of the p-type atomic orbitals of the protrusion. Since the energy position of the Pt 6p atomic orbitals is higher than that of the 5p/6p of Ag and Au, the transition voltage of Pt-vacuum-Pt junctions is larger than that of both Ag-vacuumAg and Au-vacuum-Au junctions. When one moves to analyzing asymmetric molecular junctions constructed with biphenyl thiol as central molecule, then the transition voltage is found to depend on the specific bonding site for the sulfur atom in the thiol group. In particular agreement with experiments, where the largest transition voltage is found for Ag and the smallest for Pt, is obtained when one assumes S binding at the hollow-bridge site on the Ag/Au(111) surface and at the adatom site on the Pt (111) one. This demonstrates the critical role played by the linker-electrode binding geometry in determining the transition voltage of devices made of conjugated thiol molecules.
I. INTRODUCTION
Molecular electronic devices, in which single molecules are used as the functional active element, are believed to have the potential of continuing electronic devices miniaturization beyond the limits of the conventional silicon-based technology.
1, 2 The current-voltage, I-V, characteristics of molecular devices is dominated by the quantum nature of the molecule, the band structure of the electrodes, and the electronic coupling at the molecule-electrode interface. Therefore, the electrodes' composition and their shape play an important role in the electronic transport properties of molecular devices, and in particular they determine the alignment of various molecular levels relative to the electrode Fermi energy, E F . Recently Beebe et al. introduced transition voltage spectroscopy (TVS) as a measure of the energy alignment between the frontier molecular orbitals and the electrodes' E F . 3, 4 Due to its simplicity and sensitivity, TVS is becoming an increasingly popular spectroscopic tool for molecular devices [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and has been even extended to characterize vacuum-spaced junctions such as Au/vacuum/Au. 21 It has been shown that the transition voltage of an oligo(phenylene ethynylene) molecule attached with a thiol(isocyanide) linker group to four different metal electrodes, Ag, Pd, Au, and Pt, decreases (increases) as the electrode work function gets larger, and that the change of the measured transition voltage is smaller than the corresponding change in work function. 4 These expera) Author to whom correspondence should be addressed. Electronic mail: smhou@pku.edu.cn imental findings were explained with a simple barrier picture, and the transition voltages were related to the effective barrier height determined by the electrode E F and the closest molecular orbital. However, it has been demonstrated that models for tunneling over an energy barrier are not appropriate for molecular junctions, 22 even not for Au/vacuum/Au junctions. 23 In contrast, the coherent Landauer transport formalism appears more appropriate for the problem at hand, with the transition voltage being related to the applied bias voltage, which promotes a significant spectral weight of the transmission function into the bias window. 24 By employing the non-equilibrium Green's function formalism combined with density functional theory (i.e., the NEGF+DFT approach), [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] we have shown that the calculated transition voltages of three different asymmetric Au/poly(phenylene) thiol/Au molecular junctions can be in quantitative agreement with the experimental values at positive polarity. 35 Thus, it is highly desirable to carry out studies beyond the tunneling barrier model in order to investigate the effects of the electrodes' composition and their shape on the transition voltages of molecular junctions. These will enable TVS to become a widely used tool for understanding charge transport mechanism of molecular electronic devices.
These issues are investigated theoretically by calculating the electronic transport properties of vacuum-spaced and molecular junctions constructed with Ag and Pt electrodes. Although not as popular as gold, Ag and Pt are often employed as electrode materials for constructing molecular junctions. [36] [37] [38] [39] [40] [41] [42] [43] [44] Silver and gold are both noble metals whose density of states (DOS) around E F is dominated by s-type orbitals, while platinum is a transition metal having a DOS with strong d-character around the Fermi level. Thus, it is interesting to establish whether the electronic transport properties of vacuum-spaced junctions constructed with Ag and Au electrodes are significantly different from those made with Pt. At the same time these studies on metal-vacuum-metal junctions can provide an important reference for molecular devices made with the same metal electrodes.
In order to make a comparison with our previous results for Au/poly(phenylene) thiol/Au junctions, 35 here biphenyl thiol is chosen as the central molecule. Similarly to the case of gold, chemisorption always occurs when organosulfur compounds adsorb on Ag and Pt surfaces. 45, 46 Using the NEGF+DFT approach, our calculations show that the transition voltage of metal-vacuum-metal junctions with atomically sharp electrodes is not directly related to the vacuum barrier shape but is mainly determined by the local density of states (LDOS) of the p-type atomic orbitals of the metal apex atom. Since the position of the LDOS peak contributed by the 5p atomic orbitals of the Ag apex atom on the Ag(111) surface is almost the same as that contributed by the 6p atomic orbitals of the Au apex atom on the Au(111) surface, the transition voltage of Ag-vacuum-Ag junctions is very close to that of Au-vacuum-Au ones. In contrast, the LDOS of the 6p atomic orbitals of the Pt apex atom on the Pt(111) surface is higher in energy with respect of the case of Ag and Au. As a consequence Pt-vacuum-Pt junctions have a much larger transition voltage than Ag-vacuum-Ag (or Au-vacuum-Au) ones. For asymmetric biphenyl thiol molecular junctions, the transition voltage at positive polarity is related to the highest occupied molecular orbital (HOMO), since the HOMO-dominated transmission peak is closer to the electrodes' Fermi level than that attributed by the lowest unoccupied molecular orbital (LUMO). Moreover, the position of the HOMO-dominated transmission peak is determined not only by the electrode material but also by the details of the bonding configuration of the thiolate group. When the sulfur atom binds at the hollowbridge site of the Au(111) or the Ag(111) surface and at the adatom site of the Pt(111) one, Ag-biphenyl thiol-Ag junctions have the highest transition voltage while Pt-biphenyl thiol-Pt junctions have the lowest, in agreement with the experimental trend for conjugated thiol molecules. 4 
II. CALCULATION METHOD
In this work we use the SIESTA code 47 to compute the atomic structure of both vacuum-spaced and molecular junctions with Ag and Pt electrodes and the quantum transport code SMEAGOL [32] [33] [34] to study their electronic transport properties. SIESTA is an efficient DFT package, which makes use of improved Troullier-Martins pseudopotentials for describing the atomic cores and adopts a finite-range numerical orbital basis set to expand the wave functions of the valence electrons. 47, 48 While a double-zeta plus polarization (DZP) basis set is used for H, C, and S, two different types of basis functions are used for Ag and Pt, respectively in the bulk and at the surface. In more detail, a double-zeta basis set augmented with polarization and diffuse functions (DZP+diffuse) is used for the surface Ag and Pt atoms, while a single-zeta plus polarization (SZP) basis is used for the bulk. This allows us to keep a balance between the efficiency and the required accuracy of the simulations. 49, 50 The exchange-correlation functional is at the level of the generalized gradient approximation (GGA) within the PerdewBurke-Ernzerhof (PBE) formulation. 51 Geometry optimization is performed by standard conjugate gradient relaxation until the atomic forces are smaller than 0.03 eV Å −1 . SMEAGOL is a practical implementation of the NEGF+DFT approach, which employs SIESTA as the DFT platform. [32] [33] [34] We use an equivalent cutoff of 200.0 Ryd for the real space grid. The charge density is integrated over 36 energy points along the semi-circle, 36 along the line in the complex plane, 240 along the real axis, while 36 poles are used for the Fermi function (the electronic temperature is 25 meV). And the convergence criterion is set to be 1 × 10
for the density matrix. We always consider periodic boundary conditions in the plane transverse to the transport. The unit cell of the extended molecule comprises ten Ag(111) or Pt(111) atomic layers with a (3 × 3) in plane supercell and one biphenyl thiol molecule for molecular junctions. The I-V curve of the junction is calculated as
where
is the local Fermi level of the left/right electrode. The transition voltage is obtained from the minimum appearing in the Fowler-Nordheim (F-N) plot of the I-V data, i.e., a plot of ln(I/V 2 ) against 1/V. Then, the total transmission coefficient T(V, E) of the junction is evaluated as
where 2DBZ is the area of the two-dimensional Brillouin zone (2DBZ) in the transverse directions.
where G R M is the retarded Green's function matrix of the extended molecule and L ( R ) is the broadening function matrix describing the interaction of the extended molecule with the left-hand (right-hand) side electrode. Here, we calculate the transmission coefficient by sampling 4 × 4 k-points in the transverse 2DBZ.
III. RESULTS AND DISCUSSION

A. TVS of vacuum-spaced junctions with Ag and Pt electrodes
We start our analysis from the investigation of the electronic transport properties of the Ag-vacuum-Ag junction. Considering that in a typical break junction a single-atom contact is always formed between the two silver electrodes before the junction rupture, 38 two symmetric Ag-vacuum-Ag junction models are constructed. In these either one Ag adatom or a Ag cluster with four atoms arranged in a pyramid configuration is attached to the Ag(111) surfaces [see Figures 1(a) and 1(g)]. For the sake of brevity, these two junction models are denoted as Ag-Junction-Adatom and Ag-JunctionPyramid. Figures 1(b) and 1(h) present the equilibrium transmission spectra of these two junctions in which the distances between the two apex atoms are respectively set to 6.05 Å and 5.99 Å. As one can see, the transmission below the Fermi level is very small since the charge density associated to the 4d atomic orbitals of the apex silver atoms decays very quickly into the vacuum. Around E F the 5s atomic orbital of the apex silver atom dominates the LDOS, thus the transmission as a function of energy is rather smooth. In contrast, a few transmission peaks appear above the Fermi level. These originate mainly from the 5p atomic orbitals of the apex atoms due to their relatively slow decay in vacuum. Since the interaction between the atom at the apex of the pyramid and the Ag(111) surface is much weaker than that between the Ag adatom and the Ag(111) surface, the transmission peak in AgJunction-Pyramid is much sharper than that in Ag-JunctionAdatom and also localized at higher energies. At the Fermi level the transmission coefficients of Ag-Junction-Adatom and Ag-Junction-Pyramid are calculated to be 1.1 × 10 −2 and 1.8 × 10 −2 , respectively. When a bias voltage is applied, the I-V curve shows a transition from a linear dependence at low voltage to a pronounced nonlinear behavior at high voltage. As a result, a well-defined minimum appears in the F-N plots of these two junctions [see Figures 1(e) and 1(k)], and the transition voltages are respectively determined to be 1.4 V and 2.1 V for AgJunction-Adatom and Ag-Junction-Pyramid. These values are very close to those calculated for the Au-vacuum-Au junctions with the same electrode shape 48 and the difference is smaller than 0.1 V. Since the work function of the Ag(111) surface (4.74 eV) is almost 0.6 eV smaller than that of the Au(111) one (5.31 eV), 52 the similarity in the transition voltage between the two junctions demonstrates that the transition voltage of vacuum-spaced junctions with atomic protrusions is not simply directly related to the vacuum barrier height.
A deeper insight into the transition voltages of these two junctions can be obtained by plotting their bias-dependent transmission spectra [Figures 1(f) and 1(l) ]. Clearly, as the bias voltage increases the transmission peak above the Fermi level is broadened while its intensity simultaneously decreases. Furthermore, its rising edge moves towards the electrodes' Fermi level continuously and the current through the junction increases rapidly as soon as the peak enters the bias window defined by the two electrodes' local chemical potentials. At such bias an inflection appears in the F-N plot. This process is more pronounced in Ag-Junction-Pyramid due to the sharpness of its transmission peak. Considering that the transmission peak is closely related to the LDOS peak contributed by the 5p atomic orbitals of the apex, the transition voltage of these Ag-vacuum-Ag junctions with atomically sharp electrodes is determined by the LDOS of the apex silver atom on the electrode surface and its value roughly equals the rising edge of the LDOS peak contributed by the 5p atomic orbitals of the apex located on the electrode shifting downwards in energy. This analysis is supported by the depen- dence of the calculated transition voltage on the electrode distance and the bias polarity. For both Ag-Junction-adatom and Ag-Junction-pyramid, the transition voltage shows a weak distance-dependence. For example, when the electrode distance in Ag-Junction-Adatom is increased from 5.20 Å to 6.05 Å and finally to 7.05 Å, the transition voltage changes from 1.5 V to 1.4 V to 1.3 V. This can be understood as follows. When the electrode distance is large enough for the transition voltage to be detected, the interaction between the two silver electrodes is rather weak and thus the LDOS of the apex silver atom is mainly determined by its local atomic structure, leading to the weak distance-dependence of the transition voltage.
Due to their symmetric atomic structure, the LDOS of the two apex silver atoms in both Ag-Junction-Adatom and Ag-Junction-pyramid are identical and thus their transition voltage does not depend on the bias polarity. However, the situation changes dramatically in asymmetric Ag-vacuum-Ag junctions. For example, one asymmetric Ag-vacuum-Ag junction is constructed with the surfaces of the two silver electrodes decorated respectively with a silver adatom at one side and a four-atom silver cluster in the pyramid configuration at the other, and with the distance between the two apex silver atoms being set to 6.08 Å (Fig. S1 in the supplementary  material) . 53 Since the LDOS of the adatom and the pyramid apex are drastically different [see Figures 1(c) and 1(i) ], one can expect that the transition voltages of this asymmetric Agvacuum-Ag junction will depend strongly on the bias polarity. This is indeed the case. When a positive voltage is applied to the electrode containing the silver adatom, the current through the junction increases rapidly following the increase of the applied bias and the transition voltage is determined to be 1.4 V, i.e., it is the same as Ag-Junction-Adatom with the same electrode distance. In contrast, when the bias polarity is reversed, the increase of the current becomes much slower and the transition voltage increases to 2.2 V, which is only 0.1 V larger than that of the Ag-Junction-Pyramid configuration with the same electrode distance. Such picture is completely consistent with the fact that the LDOS peak contributed by the 5p atomic orbitals of the silver adatom is much lower in energy than that of the silver atom at the pyramid apex.
The transition voltages of the symmetric and asymmetric Ag-vacuum-Ag junctions not only have a value very close to that of their Au counterparts, but also show the same dependence on the electrode distance and the bias polarity. This can also be explained by the fact that the transition voltage is determined by the LDOS of the apex atom on the electrode surface. Due to the large relativistic effects, the electronic structure of bulk gold is significantly different from that of bulk silver, especially when considering the positions of the d-bands relative to the Fermi level. 54 In the Au/Agvacuum-Au/Ag junctions with atomically sharp electrodes investigated here, the LDOS contributed by the 4d atomic orbitals of the apex silver atom is also far below the Fermi level compared with that contributed by the 5d atomic orbitals of the apex gold atom. 50 However, the positions of the LDOS peaks contributed by the 5p orbitals of the apex silver atom are almost the same as those contributed by the 6p orbitals of the apex gold atom. Thus, the transition voltage of the various Ag-vacuum-Ag junctions has the same properties as that of the corresponding Au-vacuum-Au ones.
Let us now move our attention to the electronic transport properties of Pt-vacuum-Pt junctions. Taking the same geometric structure as that of Ag-Junction-Adatom, a symmetric Pt-vacuum-Pt junction model is constructed with one Pt adatom attached to each electrode surface [see the inset of Fig. 2(a) ]. This is termed Pt-Junction-Adatom for short. Fig. 2(a) shows the equilibrium transmission spectrum of such junction when the distance between the two Pt adatoms is set to be 5.81 Å. Similarly to that of Ag-Junction-Adatom ( Fig. 1(b) ), the transmission of Pt-Junction-Adatom below the Fermi level is very small, because the 5d atomic orbitals of the Pt adatom dominate the LDOS in this energy range and their wave functions decay rapidly into the vacuum. However, above E F the transmission of the Pt-Junction-Adatom increases more slowly than that of Ag-Junction-Adatom and one transmission peak appears at 2.64 eV. This can be traced to the different behavior of the LDOS contributed by the ptype atomic orbitals of the adatom. For the Ag adatom, its 5p atomic orbitals dominate the LDOS from about 1.0 eV above the Fermi level. In contrast, the same happens for the Pt adatom only starting from about 2.0 eV above E F . Correspondingly, the transition in the I-V curve from a linear dependence to a pronounced nonlinear behavior only occurs at about 2.0 V for the Pt-Junction-Adatom. Thus, the associated transition voltage is now 2.3 V, almost 1 V larger than that of Au/Ag-vacuum-Au/Ag junctions with the same electrode shape. Also for the Pt-Junction-Adatom the distance dependence of the transition voltage is weak. For example, when the distance between the two Pt adatoms is increased from 5.81 Å to 6.81 Å, the transition voltage does not change and remains at 2.3 V.
If each Pt adatom in Pt-Junction-Adatom is replaced by a Pt cluster with four atoms arranged in a pyramid configuration (Fig. S2 in the supplementary material) , the transmission peak above the Fermi level is further shifted upwards in energy. This is the consequence of the movement of the LDOS peak contributed by the 6p atomic orbitals of the apex Pt atom to higher energies, as a result of the weakened interaction with the Pt(111) surface. Thus, we can expect the transition voltage of this Pt-vacuum-Pt junction to be larger than that of Pt-Junction-Adatom. However, due to numerical instabilities at such high bias voltages, we could not calculate the exact value of that transition voltage.
B. TVS of molecular junctions with Ag and Pt electrodes
Now we move to investigate the electronic transport properties of molecular junctions constructed with Ag and Pt electrodes. First, we connect the biphenyl thiol molecule to FIG. 3 . Transport properties of a Ag-biphenyl thiol-Ag junction constructed with two atomically flat electrode surfaces: the optimized atomic structure (a), the zero-bias transmission spectrum (b), the I-V curve (c), the F-N plot (d), and the bias-dependent transmission spectra (e). The transmission spectra except for V = 0 are vertically offset for clarity.
two silver electrodes with an atomically flat Ag(111) surface [see Fig. 3(a) ]. After optimization, the sulfur atom is found to be located between the bridge and the hollow site with an average Ag-S bond length of 2.61 Å and with the shortest Ag-H distance at the Ag-phenyl interface being 5.23 Å. The corresponding equilibrium transmission spectrum is given in Fig. 3(b) . As we can see, around the Fermi level three broad transmission peaks appear respectively at −2.22 eV, −1.28 eV, and 2.18 eV. Eigenchannel analysis reveals that these three transmission peaks originate respectively from the biphenyl thiol HOMO − 1, HOMO, and LUMO (Fig. S3 in the supplementary material) . 55, 56 When compared with the Au-biphenyl thiol-Au junction with the same molecule-electrode interfaces, 35 the positions of these transmission peaks turn out to be shifted to lower energies. For example, the replacement of gold electrodes with silver ones moves the HOMO-dominated transmission peak from −0.96 eV down to −1.28 eV.
Since the HOMO-dominated transmission peak is closer to the Fermi level than that contributed by the LUMO and since the transmission at the peak (3.8 × 10 −5 ) is also much larger than that at the Fermi level (1.4 × 10 −6 ), one can expect that the current through the junction will increase rapidly after the tail of the HOMO enters the bias window. This is realized by applying a positive bias voltage to the silver electrode connected to the biphenyl thiol molecule through the Ag-phenyl interface. As shown in Fig. 3(e) , when the bias voltage increases the HOMO transmission peak moves almost rigidly to high energies. As soon as the HOMO-dominated transmission peak enters the bias window, the current through the Agbiphenyl thiol-Ag junction increases nonlinearly and thus a well-defined minimum appears in the F-N plot, giving a transition voltage of 0.9 V [ Fig. 3(d) ]. The calculated transition voltage is insensitive to the variations of the distance between the Ag electrode and the biphenyl thiol molecule, which is defined by the shortest Ag-H distance at the Ag-phenyl in- terface. For example, when the Ag-H distance is elongated to 6.00 Å or is shortened to 3.88 Å, the transition voltage remains at 0.9 V. This result is not surprising. The coupling between the biphenyl thiol molecule and the Ag electrode at the Ag-phenyl interface is much weaker than that at the Ag-S contact, thus varying the Ag-H distance does change the tunneling barrier width at the Ag-phenyl interface but affects marginally the alignment of the biphenyl thiol molecular orbitals relative to the electrode Fermi level. The calculated transition voltages of the Ag-biphenyl thiol-Ag junctions are always larger than those of the Au-biphenyl thiol-Au junctions with the same molecule-electrode interfaces, in good agreement with the experimental results reported for conjugated thiol molecules. 4 Next we extend our studies to asymmetric biphenyl thiol molecular junctions made of Pt electrodes. As shown in Fig. 4(a) , at one side of the Pt-biphenyl thiol-Pt junction the sulfur atom is assumed to bind at the adatom site of the Pt(111) surface and the Pt-S bond length is optimized to be 2.24 Å. At the other side, the phenyl ring directly faces the atomically flat Pt(111) surface and the shortest Pt-H distance is calculated to 5.09 Å. Fig. 4(b) presents the equilibrium transmission spectrum of this Pt-biphenyl thiol-Pt junction model, in which the transmission peaks located at −1.37 eV, −0.75 eV, and 2.80 eV are respectively contributed by the HOMO − 1, HOMO, and LUMO of the biphenyl thiol molecule. Since the HOMO-dominated transmission peak is very close to the Fermi level, the current through the junction increases rapidly as the bias voltage is increased [see Fig. 4(c)] . Correspondingly, the transition voltage is only 0.6 V, the smallest among all molecular junctions constructed with these three types of electrode materials (Ag, Au, and Pt). Varying the Pt-H distance does not affect the calculated transition voltage too much. For example, the transition voltage remains at 0.6 V when the Pt-H distance is elongated to 6.00 Å or shortened to 3.84 Å.
It should be noted that the transition voltage of the Ptbiphenyl thiol-Pt junction depends strongly on the bonding configuration of the Pt-S contact. For example, when the sulfur atom binds at the hollow site of the Pt(111) surface, the HOMO-dominated transmission peak is shifted down to −1.35 eV (Fig. S4 in the supplementary material) . As a result, the current increases rather slowly and no minimum appears in the F-N plot up to voltages as large as 1.0 V. Therefore, besides the electrode material the binding configuration of the sulfur atom on the electrode surface is another vital factor determining the transition voltage.
IV. CONCLUSION
We have investigated the transition voltage of vacuumspaced and molecular junctions with Ag and Pt electrodes using the NEGF+DFT approach, and found that the transition voltages of Ag-vacuum-Ag junctions with atomically sharp electrodes are very similar to those of Au-vacuum-Au junctions, although the work function of the Ag(111) surface is significantly smaller than that of the Au(111) one. This originates from the fact that the transition voltage of metalvacuum-metal junctions with atomic protrusions on the electrode surface is determined by the LDOS peak contributed by the p-type atomic orbitals of the metal apex atom rather than by the vacuum barrier shape and that the position of the LDOS peak contributed by the 5p atomic orbitals of the Ag apex atom is similar to that contributed by the 6p atomic orbitals of the Au apex atom. Compared with Ag-vacuum-Ag and Au-vacuum-Au junctions, the LDOS peak contributed by the 6p atomic orbitals of the Pt apex atom is positioned at a higher energy thus the transition voltages of Pt-vacuumPt junctions have a much larger value. For the asymmetric biphenyl thiol molecular junctions with Ag and Pt electrodes, the transition voltage at positive polarity is mainly determined by the HOMO-dominated transmission peak. Because both the electrode material and the binding site of the sulfur atom affect the alignment of the biphenyl thiol molecular orbitals relative to the electrode Fermi level, the calculated transition voltages are found to be in descending order for the Ag, Au, and Pt electrodes when the sulfur atom binds at the hollowbridge site of the Ag/Au(111) surface and the adatom site of the Pt(111) surface, which agrees well with the experimental trend of the transition voltages for conjugated thiol molecules. It should be pointed out that this result is obtained by using the PBE GGA functional. Although PBE GGA can describe well the band structure of metals, it usually overestimates the HOMO level and underestimates the HOMO-LUMO gap of molecules. Therefore, further investigations on the effects of DFT functionals on the calculated transition voltage will be carried out in the future. 
